[1] The aim of this paper is to present, for the first time, almost simultaneous enhancements of both low-and high-charge-state oxygen ions in the inner magnetosphere during magnetic storms. Storm-time enhancements of low-charge-state O ions are well recognized, but the behavior of high-charge-state O ions is less known. Data simultaneously collected from the ACE, Geotail, and Polar satellites indicate the following: (1) In the inner magnetosphere (at L = 3-5), the number density of high-charge-state O ions was increased during the early phase of magnetic storms (Polar). (2) No corresponding enhancements were identified in the number density of O ions observed in the solar wind (ACE) and the near-Earth magnetotail (Geotail). (3) The number density of high-charge-state O ions present in the near-Earth magnetotail was considerably lower than in the solar wind and the inner magnetosphere. We calculated trajectories of O 6+ ions under electric and magnetic field models. The O 6+ ions that became observable in the energy window of Polar were transported from the high-latitude magnetopause to the inner magnetosphere when the convection electric field was strong. When the convection electric field was weak, the ions were reflected toward the distant tail. The O 6+ ions that became observable in the energy window of Geotail were sufficiently transported from the low-latitude magnetopause to the near-Earth magnetotail regardless of the strength of the convection electric field. The observational facts may be adequately explained in terms of ion transport paths depending on the convection electric field with different entry points. 
Introduction
[2] Oxygen is the third most abundant element in the solar system [e.g., Lodders, 2003] . Oxygen present in the Earth's atmosphere escapes from its gravity potential in the form of singly or doubly charged O ions. The escape rate is of the order of 10 25 -10 26 s
À1
, depending on geomagnetic and solar activities [e.g., Yau and André, 1997] . Low-chargestate O ions are present almost all over the magnetosphere. During magnetic storms, low-charge-state O ions are largely responsible for the energy density of ions in the inner magnetosphere (ring current) [e.g., Gloeckler et al., 1985; Krimigis et al., 1985; Hamilton et al., 1988; Daglis et al., 1999a Daglis et al., , 1999b .
[3] Oxygen present in the Sun is ionized at its surface, and heated from $1 eV to $1 keV in the corona [e.g., Lie-Svendsen and Esser, 2005] . It is then released into the interplanetary space as solar wind. Solar wind O ions are present in the form of high-charge-state O ions, in particular, O 6+ ions [e.g., Henke et al., 1998 , and references therein], so that it can be used for a good tracer of solar origin ions. High-charge-state O ions are found in the magnetosheath , the low-latitude boundary layer [Eastman et al., 1990] , and the outer magnetosphere [e.g., Gloeckler et al., 1985; Kremser et al., 1987; Christon et al., 1994] . The charge state ratio between O 6+ and O 7+ ions present in the outer magnetosphere is in good agreement with the ratio in the solar wind, with a lag of $6-8 h or more [Christon et al., 1998 ], indicating the direct entry of O ions from the solar wind into the outer magnetosphere. In the magnetosphere, O ions are subjected to a charge exchange process with exospheric neutral H atoms [Spjeldvik and Fritz, 1978; Kremser et al., 1987; Christon et al., 1994] . , and O 7+ ions, is suggested to be a direct indication that O ions can undergo charge exchange [Kremser et al., 1987; Christon et al., 1994] .
[4] To the best of our knowledge, only a few papers have been published on the concentration of high-charge-state O ions in the inner magnetosphere at L < 5, where L is McIlwain's L parameter. For example, Gloeckler et al. [1985] have shown the existence of [C + N + O] !3+ ions at L > 3. Kremser et al. [1987] have reported that the flux of O 6+ ions increases with L in the range L = 5 -7. However, it was decreased to levels below the sensitivity threshold of an ion analyzer at L < 5. Therefore the behavior of high-chargestate O ions at L < 5 (in the inner magnetosphere, or the heart of the ring current) is less known.
[5] Ion composition data obtained from the ACE, Geotail, and Polar satellites help in understanding transport processes of high-charge-state O ions from the solar wind to the inner magnetosphere. Our study focuses on the magnetic storms that occurred in August -September 1998, during which the Polar satellite intersected the equatorial plane on the nightside at L = 3 -5, and the Geotail satellite traversed the nearEarth magnetotail on the nightside at 9 -23 Re. The ACE satellite observed O ions in the solar wind at $240 -249 Re upstream of the Earth. Note that several coronal mass ejections (CMEs) hit the Earth's magnetosphere during the period of interest.
[6] This paper is organized as follows. Section 2 presents observations of O ions simultaneously acquired by the Polar, Geotail, and ACE satellites in the inner magnetosphere, in the near-Earth plasma sheet, and in the solar wind, respectively. Section 3 describes trajectory tracing and its results. Reconstructed fluxes of O ions are compared with the satellite observation. Section 4 discusses (1) the origin of the O ions observed by the satellites, (2) transport processes of high-charge-state O ions, (3) transport processes of lowcharge-state O ions, (4) behavior of O ions in the inner magnetosphere, and (5) behavior of O ions in the near-Earth plasma sheet. Section 5 concludes on the observation and calculation.
Observation
[7] Data collected from the Polar satellite using a magnetospheric ion composition spectrometer (MICS) [Wilken et al., 1992; Roeder et al., 2005] was used to calculate the number density of O +,++ and O !3+ ions present in the inner magnetosphere. The Polar satellite was launched in 1996 into a highly elliptical polar orbit with an apogee of approximately 9 Re, a perigee of approximately 1.8 Re, and an orbital period of approximately 18 hours. Data obtained from the ACE satellite using a solar wind ion composition spectrometer (SWICS) and a solar wind ion mass spectrometer (SWIMS ]) were used to determine the number density of O ions present in the solar wind. Data obtained from the Geotail satellite using a suprathermal ion composition spectrometer (STICS [Williams et al., 1994] ) were used to determine the number densities of O 6+ and O + ions present in the near-Earth magnetotail. The STICS instrument measures the ions in an energy range of 9.27-214.6 keV/q.
[8] Figure 1 shows an example of the spectrograms of O +,++ and O !3+ ion fluxes acquired by Polar/MICS in the inner magnetosphere before and during a magnetic storm. The storm commenced at $00 UT on 6 August 1998. The Dst index reached its minimum of À138 nT at 11 UT on 6 August 1998. The energy range of O +,++ (O !3+ ) ions from 40 keV/q to 200 keV/q (1 keV/q to 100 keV/q) is well suited for determining the major energy component present in the inner magnetosphere. The spacecraft traversed the inner magnetosphere on the nightside at $04 MLT. Prior to the magnetic storm, fluxes of the O +,++ and O !3+ ions were as low as the sensitivity threshold of the instrument (Figures 1a -1b) . In the next orbit, the Polar satellite traversed the equatorial plane at almost the same MLT and L. The fluxes of both the O +,++ and O !3+ ions were substantially increased by 2 orders of magnitude in comparison with the previous orbit (prestorm condition) as shown in Figures 1c-1d . (Figures 2c and 2d) , and inner magnetosphere near the nightside equatorial plane at L = 3.5 -5.0 (Figures 2e and  2f ). The Dst index is shown in Figure 2a . Three magnetic storms with a minimum Dst of less than À100 nT are identified, which are roughly indicated by solid horizontal bars. Hereinafter, the three storms are referred to as Storm 1, 2, and 3, respectively. In Figures 2c and 2d , the number density is obtained by averaging over the time interval during which Geotail traversed the near-Earth magnetotail from dusk to dawn. In Figures 2e and 2f , the number density is derived by averaging over the time interval during which the Polar satellite situated near the equatorial plane within ±10 MLAT, with an assumption that all the O !3+ ions consist of O 6+ . At least five features are identified as listed below.
[10] 1. The number density of O !3+ ions was markedly increased in the inner magnetosphere during an early phase of the storms (Figure 2e ).
[11] 2. The number density of O +,++ ions was also increased in the inner magnetosphere during an early phase of the storms (Figure 2f ).
[12] 3. The variation of the number density of O !3+ ions in the inner magnetosphere (Figure 2e ) was apparently independent of the number density of O ions in the solar wind ( Figure 2b ) and that of O 6+ ions in the near-Earth magnetotail (Figure 2c ).
[13] 4. The number density of O 6+ ions in the near-Earth magnetotail (Figure 2c orders of magnitude larger than that of O 6+ ions, which is consistent with a result of the previous observation carried out in the outer magnetosphere [e.g., Kremser et al., 1987] .
Trajectory Tracing
[15] We focus on Storm 2 that occurred on 26 -28 August 1998, during which the Polar and Geotail satellites traversed the nightside magnetosphere at almost the same time. We selected three positions of the Geotail satellite at which the Geotail satellite was located at $00 MLT, $03 MLT and $05 MLT. The Polar satellite intersected the equatorial plane at L $ 4 at $03 MLT. The selected positions of the satellites are summarized in Table 1 in detail, and displayed in Figure 3 in the GSM x À y plane.
[16] We carried out trajectory tracing backward in time using empirical magnetic field and electric field models in order to find possible entry points and paths of high-chargestate O ions observed by the Polar and Geotail satellites. The time-dependent convection electric field was determined by the Weimer 2000 empirical model [Weimer, 2001] together with the corotation electric field. The magnetic field was determined by the Tsyganenko 1996 model [Tsyganenko, 1995; Tsyganenko and Stern, 1996] together with the dipole field. The solar wind parameters summarized in Figure 4 were imposed on the empirical convection electric field model. The solar wind parameters were extracted from the 1-hour averaged OMNI database [King and Papitashvili, 2005] . The propagation time from the satellite to Earth's magnetosphere was adjusted. As for the magnetic field, we imposed time-dependent parameters presented in Figure 4 on the Tsyganenko 1996 model. That is, we used time-dependent electric and magnetic field models. Induction fields are not included. The tilt angle with respect to the solar ecliptic plane was assumed to be 0 to reduce the computing cost.
[17] Trajectories of O 6+ ions were tracked backward in time from the four positions summarized in Table 1 until they reached one of the following boundaries; the magnetopause defined by the Tsyganenko 1996 model, the distant tail located at a radial distance of 50 Re downtail from the center of the Earth, and the surface of the Earth. The initial speed jV i j was divided into 30 sections with DjV i j = 133 km/s, the pitch angle was divided into 36 sections, and the gyrophase was divided into 2 sections. In total, 2160 source particles were traced backward in time for a given satellite position summarized in Table 1 . Once the ions encountered the magnetopause, the phase space density of ions was mapped from the magnetopause to the original position, that is, the satellite position. Refer to the paper published by Ebihara et al. [2006] for detailed explanation on trajectory tracing. [18] The phase space density of O 6+ ions at the magnetopause was calculated from the drifting k distribution, which is given as follows
where N is the density, m is the mass, E c is the characteristic energy, and E* = mjV À V 0 j 2 /2, where V is the velocity and V 0 is the bulk velocity of the particle [Baumjohann and Treumann, 1997] . From the ACE observation of O 6+ ion density presented in Figure 2b , N is assumed to be 0.01 cm
À3
. The other parameters such as E c and k were chosen to fit the Geotail observation that was carried out near the dawnside magnetopause; E c of 1 keV and k of 2.5. V 0 was assumed to be (À593, 0, 0) km/s. In the highlatitude magnetopause or the mantle (where jGSM Zj ! 10 Re and 0 ! GSM X ! À50 Re), V 0 was assumed to be half that of V 0 in the magnetosheath, that is, (À297, 0, 0) km/s [Rosenbauer et al., 1975] . We also assumed that the solar wind O 6+ ions were directly penetrated into the magnetosphere. This assumption can be justified by the in situ measurement of O 6+ ions reported by Eastman and Christon [1995] . They have shown that O 6+ ions tend to be systematically transported from the magnetosheath to the outer magnetosphere. For this particular study, it is our intention to determine accessibility of O 6+ ions from the magnetopause to the satellite positions, rather than to estimate their phase space density at the satellite positions.
[19] Figure 5a shows the calculated fluxes (diamondshaped symbol) together with the flux observed by the Polar satellite in the inner magnetosphere (red line). The calculation result demonstrates that O 6+ ions were certainly transported from the magnetopause to the position of the Polar satellite. The source region is determined to be the high-latitude magnetopause. A slight disagreement in flux between the observation and calculation is probably attributed to the assumed phase space density at the high-latitude magnetopause, and the electric and magnetic field models. Since no observational data on the concentration of ions near the high-latitude magnetopause is available for this particular period, we cannot solve this disagreement.
[20] Figures 5b-5d show the calculated fluxes (diamondshaped symbol, or plus sign) together with the fluxes observed by the Geotail satellite in the near-Earth magnetotail (blue line). At R = 9.2 Re and 2346 MLT (Figure 5b) , ions with energy >770 keV are found to come from the lowlatitude magnetopause as indicated by a diamond-shaped symbol. It is interesting to note that the low energy cutoff of the high energy part at approximately 770 keV nearly corresponds to the peak of the flux observed by the Geotail satellite. At R = 10.6 Re and 0229 MLT (Figure 5c ), the low energy cutoff of the high energy part of the ions is decreased to $230 keV, nearly corresponding to the peak of the observed flux. There appears to be a slight contribution from the low energy ions (<14 keV) coming from the high-latitude magnetopause as indicated by a plus sign. The energy gap between 14 keV and 230 keV is caused by ions that come from the distant tail where no particle source is assumed. Since the low energy limit of Geotail/STICS is $57 keV for O 6+ ions, we cannot confirm the existence of the low energy part of the ions. A mixture of ions from the high-latitude boundary and the low-latitude boundary has been suggested by Ashour-Abdalla et al. [1997] , although they traced H + ions. At R = 14.3 Re and 0458 MLT (Figure 5d ), the low energy cutoff of high and major energy part is decreased to $78 keV. The existence of the cutoff energy probably explains the Geotail observation that the number density of O 6+ was significantly smaller than in the solar wind. Figure 3 ). Thus the ion experienced a strong convection electric field during the period when IMF was southward (between $21 UT on 27 August 1998 and $00 UT on 28 August 1998). The thin line represents the one calculated under the condition of 03 UT on 28 August 1998 at which IMF is northward and the convection electric field is relatively weak. The ion is reflected in the high latitude lobe region toward the distant tail due to the mirror force. The trajectories are shown to be quite different from each other.
[22] On the right-hand side of Figure 6 , trajectories of O 6+ ions leaving the low-latitude magnetopause with initial energy of 680 keV are shown. Because the kinetic energy is relatively high, the ion experienced grad-B and curvature drifts together with nonadiabatic acceleration near the current sheet where the gyroradius of the ion is comparable to the curvature radius of a field line. Finally, the ion reached the position of the Geotail satellite (label b in Figure 3 ). It took only 7.2 minutes to complete the travel. When the convection electric field was held constant to be weak, the ion also experienced grad-B and curvature drifts, and tracked a similar trajectory. The influence of the convection electric field on the O 6+ ions observed by Geotail seems to be relatively small.
[23] Figure 7 is the same as Figure 5 except that the O 6+ ions were calculated under the condition of 03 UT on 28 August 1998 at which IMF is northward and the convection electric field is weak. As shown in Figure 7a , no ions reached the position of the Polar satellite because the ions were reflected in the high latitude lobe region toward the distant tail. In Figures 7b-7d , the ions are shown to reach the positions of the Geotail satellite.
[24] Figure 8 shows the aerial view of the determined entry points of O 6+ ions that reached the positions of the Polar satellite (red sphere) and the Geotail satellite (blue sphere). The green surface represents the assumed boundary; the magnetopause and the distant tail. A majority of the entry points of the ions that reached the Polar satellite are concentrated in the high-latitude magnetopause, whereas a majority of those of the ions that reached the Geotail satellite are primarily concentrated in the low-latitude magnetopause on the dawnside. It is speculated that the low-latitude (high-latitude) magnetopause is probably the ions in the distant tail has been reported. We intend to avoid introducing the distant tail as a source region until a reliable phase space distribution of O 6+ ions in the distant tail is derived.
Discussion

Origin of Observed O Ions
[25] O ions are subjected to charge gain (electron loss) and charge loss (electron capture) with exospheric neutral H atoms [Spjeldvik and Fritz, 1978] . Since the number density of O +,++ ions is at least 2 orders of magnitude higher than that of O !3+ ions, enhanced O +,++ ions are most likely of the Earth origin, and they are not the secondary product (charge loss) of O !3+ ions. With an estimated cross section for a charge gain of $10 À20 m 2 at 100 keV [Spjeldvik and Fritz, 1978] and the density of the exospheric neutral H atom of $2 Â 10 8 m À3 at geocentric distance of 4 Re [Rairden et al., 1986] , we estimated the characteristic time of the charge gain to be 5.3 days, which is significantly longer than that required to suddenly increase the number density of O !3+ ions. This indicates that the sudden increase in the number density of O !3+ ions in the inner magnetosphere is most likely attributed to the sudden 
Transport of High-Charge-State O Ions
[26] During the three storms, the number density of highcharge-state O ions was not significantly increased in the near-Earth magnetotail, whereas that was suddenly increased in the inner magnetosphere. This difference in behavior can be explained by either or both the following reasons. First, Geotail/STICS could not detect the major energy component of high-charge-state O ions in the near-Earth magnetotail. Second, a large number of high-charge-state O ions were almost directly supplied from the magnetopause into the inner magnetosphere.
[27] From the results of trajectory tracing, it is found that the O 6+ ions originating from the high-latitude magnetopause can reach the position of the Polar satellite at L = 3.9, which sufficiently explains the Polar observation of highcharge-state O ions. When the convection electric field is weak, the O ions originating from the high-latitude magnetopause tend to be reflected toward the distant tail, and they cannot reach the position of the Polar satellite (see Figures 6a  and 6b ). The O 6+ ions originating from the low-latitude magnetopause can reach the position of the Geotail satellite in the near-Earth magnetotail independent of the convection electric field. These calculation results clearly explain the results of the Polar and Geotail observations; that is, the Polar satellite observed the enhancement of O !3+ ions in the inner magnetosphere during the magnetic storms, whereas the Geotail satellite observed O 6+ ions in the near-Earth magnetotail with its concentration independent of the storms. The enhancement of the large-scale convection electric field may play an important role in transporting the O ions from the magnetopause to the inner magnetosphere.
[28] Previously, intense high-charge-state O ions have been observed by Polar/MICS in the polar cap including the cusp region [e.g., Chen et al., 1997; Fritz et al., 2003] . The charge state of Fe ions observed in the cusp/cleft region is found to be correlated well with that observed in the solar wind [Perry et al., 2000] , indicating a direct entry of solar wind material into the cusp/cleft region. The cusp is suggested to trap energetic charged particles because of its geometry [e.g., Sheldon et al., 1998; Pugacheva et al., 2005] . In addition, energetic particles trapped in the cusp are suggested to be a source of the magnetospheric particles, and vice versa [Antonova, 1996; Blake, 1999; Delcourt and Sauvaud, 1999; Antonova et al., 2000; Sandahl, 2003; Chen et al., 2005; Zuluaga et al., 2006; , Is the cusp a source or a sink for magnetospheric energetic particles?, paper presented at International Symposium: From Solar Corona Through Interplanetary Space, Into Earth's Magnetosphere and Ionosphere: Interball, ISTP Satellites, and Ground-Based Observations, Kyiv, Ukraine, . Thus the cusp is thought to be one of the potential source regions of the high-charge-state O ions observed by Polar in the inner magnetosphere. However, we could not clearly identify the cusp source of the O 6+ ions by carrying out trajectory tracing as shown in Figure 8 . Possible explanations are that ions originating from the cusp was actually unable to reach the position of the Polar satellite, and/or that the number of tracked ions was insufficient to find the cusp source in the calculation.
[29] Shimazu and Tanaka [2005] traced the trajectories of solar energetic H + ions (!100 keV) under electric and magnetic fields obtained by carrying out a global magnetohydrodynamics simulation. They suggested that the shock drift acceleration at Earth's bow shock affects the entry of H + ions into the inner magnetosphere. The number of H + ions that reach the inner magnetosphere increase with the solar wind pressure. Therefore it is speculated that the entry process of the solar wind O ions is not so simple, and it is probably influenced by many factors.
[30] In the inner magnetosphere, the maximum density of O !3+ ions observed during Storm 1 was smaller than during the other storms, while the maximum density of O +,++ was almost the same as that during the other storms. All these storms were caused by CMEs, and the later two storms were accompanied with SSC (sudden storm commencement) due to the interplanetary shock driven by sheath in front of magnetic clouds. Some acceleration processes associated with the interplanetary shock may efficiently result in subsequent density enhancement of high-charge-state O ions in the inner magnetosphere during the latter two storms.
[31] We cannot exclude the possibility that the solar wind ions entered the distant magnetotail, and penetrated deep into the inner magnetosphere under the convection electric field [e.g., Kavanagh et al., 1968] because we did not track the trajectories at >50 Re. Christon et al. [1994] calculated bounce-averaged trajectories of high-charge-state heavy ions, including O ions, and succeeded to explain the penetration of the heavy ions from the near-Earth magnetotail into the inner magnetosphere at L $ 6-7 in terms of the enhanced convection electric field. Grande et al. [1996] have shown that the CRRES satellite observed heavy ions, such as Fe, Mg, and Si, at 4 L 7 during the intense storm of 24 March 1991. After tracing trajectories of equatorially mirroring ions, they suggest that ions of recent solar origin in the magnetotail had rapid access to the position of the CRRES satellite in the inner magnetosphere under the strong convection electric field. Both their and our calculations involve the strong convection electric field, but the suggested paths are different from each other. To reach a definitive conclusion, more realistic magnetic field and electric field models are obviously needed.
Transport of Low-Charge-State O Ions
[32] The number density of low-charge-state O ions in the inner magnetosphere during storms is known to be suddenly increased [e.g., Gloeckler et al., 1985; Hamilton et al., 1988; Daglis et al., 1999a Daglis et al., , 1999b . The characteristic energy of the low-charge-state O ions in the inner magnetosphere is of the order of tens of keV [Krimigis et al., 1985] , while the typical temperature at the topside of the ionosphere is of the order of 1 eV. Some models have been developed to ''bridge'' the energy gap between the topside ionosphere and the inner magnetosphere [e.g., Cladis, 1986; Delcourt et al., 1990; Daglis et al., 1999b; Moore and Horwitz, 2007, and references therein] . Daglis et al. [1999b] have suggested that a large-scale convection electric field as well as substorm processes may play an important role in increasing the number density of Earth-originating ions present in the inner magnetosphere. The number density of O +,++ ions in the inner magnetosphere was significantly increased during the storms (see Figure 2f ), whereas that of O + ions in the near-Earth magnetotail was not always increased during the storms (see Figure 2d) . This difference in the behavior of O + ions may be explained by either or both the following two reasons. First, Geotail/STICS could not detect the major energy component in the near-Earth magnetotail. Second, a major portion of O + ions was directly supplied from the ionosphere into the region between the Polar and Geotail satellites. However, this is beyond the scope of this study.
Behavior of O Ions in the Inner Magnetosphere
[33] Figures 2e and 2f show the number densities of O !3+
and O +,++ ions obtained by the Polar satellite near the equatorial plane on the nightside. The ion density tends to vary over a period of $72 hours, especially during Storm 2. The L value at which the Polar satellite intersects the magnetic equatorial plane depends on the tilt angle of the Earth's magnetic axis and UT. The period of 72 hours is attributed to the least common multiple of the orbital period of the Polar satellite (18 hours) and the rotation period of the Earth (24 hours). The density variation with a period of 72 hours is most likely attributed to a spatial variation, rather than a temporal variation. If this was the case, during Storm 2, the density of O !3+ ions would be higher at a small L value than at a large L value, whereas that of O +,++ ions would be lower at a small L value than at a large L value. As for O +,++ ions, the dependence of the density on the L value can be explained in terms of the charge exchange loss with neutral H atoms because the L-value dependence was small during the main phase of the storm and the difference was increased as time progresses. We have no reasonable explanation for the reason why O !3+ ions were denser at a small L value than at a large L value. It is speculated that O !3+ ions could be more directly supplied from the solar wind to the region of small L value, in particular, during Storm 2. As for Storm 1, the density variation with a period of 72 hours was relatively small in magnitude, suggesting that the ion density was relatively uniformity between L = 3.5-5.0.
Behavior of O Ions in the Near-Earth Magnetotail
[34] Figures 2c and 2d show that in general, the number density of O + ions in the near-Earth magnetotail was more or less correlated with that of O 6+ ions. We have found no convincing explanation for the concurrent variations of them. Perhaps, the temporal variations of the O + and O 6+ ion densities were largely determined by a global structure of the magnetosphere including substorm activities, rather than source and loss processes of the ions for this particular energy range of Geotail/STICS (9.27 -214.6 keV/q). There was a slight increase in the number density of O + ions during the first storm that occurred from 6 -7 August 1998. This increase in O + ions has been attributed to a nonadiabatic acceleration process during a substorm by Nosé et al. [2001] . For this particular storm, the number density of the O +,++ ions were almost simultaneously increased in the inner magnetosphere. However, the number density of O + ions in the near-Earth magnetotail was not increased during the latter two storms, whereas the number density of O +,++ ions were increased in the inner magnetosphere. Thus no observational evidence is, so far, provided concerning the material connection between the inner magnetosphere (Polar) and the near-Earth magnetotail (Geotail).
Conclusion
[35] Following are the major conclusions of this study.
[36] 1. From the data collected from the Polar satellite, it was found that the number densities of O +,++ and O !3+ ions in the inner magnetosphere were increased almost simultaneously at L 5 during magnetic storms. The observed O +,++ ions and O !3+ ions were thought to originate from the Earth and the Sun, respectively.
[37] 2. This increase in the number density of highcharge-state ions in the inner magnetosphere measured by the Polar satellite can be sufficiently explained by the enhancement of the convection electric field. The enhanced convection electric field probably fed the high-charge-state O ions from the solar wind to the inner magnetosphere through the high-latitude magnetopause. If this was the case, the increase in the number density of O ions in the solar wind or the near-Earth magnetotail would not be a necessary condition for the increase in the number density of high-charge-state ions in the inner magnetosphere.
[38] 3. The number density of high-charge-state O ions in the near-Earth magnetotail measured by the Geotail satellite was significantly lower than that measured by the ACE in the solar wind and that measured by the Polar satellite in the inner magnetosphere. The O ions are thought to enter the magnetosphere through the low-latitude magnetopause and move duskward with a low energy cutoff. Therefore the number density of high-charge-state O ions was found to be low.
